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Data on the effect of trajectories in long-term glycemia and all-cause mortality are lacking. The authors studied
the effect of trajectories in long-term glycemic control on all-cause mortality in patients with type 2 diabetes. A
cohort of 8,812 veterans with type 2 diabetes was assembled retrospectively using Veterans Affairs registry data.
For each veteran in the cohort, a 3-month person-period data set was created from April 1997 to May 2006. The
average duration of follow-up was 4.5 years. The overall mortality rate was 15.3%. Using a novel approach for joint
modeling of time to death and longitudinal measurements of hemoglobin A1c (HbA1c) level, after adjustment for all
significant baseline covariates, baseline HbA1c was found to be significantly associated with mortality (hazard
ratio = 2.1, 95% confidence interval: 1.3, 3.6) (i.e., a 1% increase in baseline HbA1c level was associated with an
average 2-fold increase in mortality risk). Similarly, the slope of the HbA1c trajectory was marginally significantly
associated with mortality (hazard ratio = 7.3, 95% confidence interval: 0.9, 57.1) after adjustment for baseline
covariates (i.e., a 1% increase in HbA1c level over 3 months was associated with a 22% increase in mortality risk).
The authors conclude that a positive trajectory of long-term hyperglycemia is associated with increased mortality.

cohort studies; diabetes mellitus, type 2; hemoglobin A, glycosylated; mortality; retrospective studies; veterans

Abbreviations: Cl, confidence interval; EPIC, European Prospective Investigation into Cancer and Nutrition; HbA1c, hemoglobin
A1lc; ICD-9, International Classification of Diseases, Ninth Revision.

Diabetes affects approximately 7.8% of the US popula-
tion or 23.6 million people (1). Diabetes is the leading cause
of cardiovascular disease, stroke, blindness, and nontrau-
matic lower limb amputations (1). It was the seventh leading
cause of death listed on US death certificates in 2006, and
persons with diabetes have a 2-fold increased risk of death
compared with persons without diabetes (1). Diabetes is also
associated with significant health care costs. In 2007, the
total cost of diabetes-related health care was $174 billion,
including $116 billion in direct costs and $58 billion in
indirect costs (1).

Multiple studies have established that poor glycemic
control as measured by hemoglobin Alc (HbAlc) level is
associated with increased mortality in persons with type 2
diabetes (2-10). Recently, in the Norfolk, United Kingdom,
component of the European Prospective Investigation into
Cancer and Nutrition (EPIC-Norfolk), Khaw et al. (10)

demonstrated that HbAlc was continuously related to sub-
sequent all-cause, cardiovascular, and ischemic heart dis-
ease mortality through the whole population distribution,
with the lowest rates being seen among persons with HbAlc
concentrations below 5%. In the EPIC-Norfolk study, an
HbAlc level of 5% was used as the reference category,
and there was a significant linear relation between HbAlc
and risk of death, such that there was an almost 3-fold in-
creased risk of death in men with HbAlc concentrations
greater than or equal to 7% (10).

However, few studies have examined the effect of trajec-
tories of long-term glycemic control (i.e., increasing, stable,
or decreasing) on mortality in adults with type 2 diabetes.
Therefore, using a novel 2-stage, semiparametric regression
approach, we sought to study the relation between the tra-
jectory of glycemic control over time and the risk of death
among persons with type 2 diabetes. Our main hypothesis
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was that after adjustment for baseline HbAlc and other
measured confounders, an increasing glycemic trajectory
would be significantly associated with all-cause mortality.

MATERIALS AND METHODS
Creation of study data set

We retrospectively assembled a cohort of 8,812 veterans
with type 2 diabetes in the Charleston, South Carolina,
Veterans Affairs catchment area. The Charleston Veterans
Affairs catchment area includes 1 tertiary-care center and 5
community-based outpatient clinics. Multiple patient and
administrative files from the Veterans Health Administra-
tion Decision Support System, linked by Social Security
number, were merged to create the database. Social Security
numbers were removed after the database was created. The
Veterans Health Administration Decision Support System
is a national automated management information system
based on commercial software with which to integrate data
from clinical and financial systems for both inpatient and
outpatient care (11). The following Decision Support Sys-
tem data sets were merged in developing the diabetes data
set: 1) discharge files; 2) outpatient files; 3) laboratory
files—laboratory results data sets for specific tests, sepa-
rated into inpatient and outpatient files; 4) pharmacy files—
prescription, unit dose, and intravenous pharmacy detail
for inpatient and outpatient files; 5) treating specialty—
treatment specialty upon admission and treatment specialty
upon discharge; and 6) cost—costs by Diagnosis-Related
Group, readmissions within certain numbers of days, aver-
age patient costs, and cost details for selected clinic stops.

Creation of the longitudinal data set

We used a previously validated algorithm to identify per-
sons with type 2 diabetes (12). Subjects were identified as
having diabetes if they had at least 2 International Classifi-
cation of Diseases, Ninth Revision (ICD-9) codes for
diabetes in either outpatient or inpatient files and also had
made 2 or more medical visits each year since diagnosis. We
created a person-period data set for each subject to cover
3-month intervals from April 1997 to May 2006. We chose
3-month intervals because HbAlc is generally measured
every 3 or 6 months in clinical practice as the standard of
medical care, depending on the stability of glycemic control
(13). HbAlc concentration is a measure of the extent of
glycemia (blood glucose levels) over a period of 3 months
and therefore provides a more accurate and stable measure-
ment of long-term glycemic control (14). Therefore, our
choice of the 3-month period (quarterly assessment) for
HbA 1c values was supported by clinical practice guidelines.
HbA 1c values for each subject in the 3-month time interval
were used for analysis. When HbAlc levels were not ob-
served during a 3-month period, values were considered
missing. We did not anticipate that missing HbAlc values
would depend on the unobserved HbAlc values; hence, we
assumed missingness at random in order to analyze the data,
using generalized linear mixed models which are valid un-
der the assumption of missingness at random (15-17). For
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subjects with 2 or more HbAlc values in a given 3-month
time interval, the most recent HbA 1c value for that interval
was used. Subjects were followed from the time of entry
into the study until death, loss to follow-up, or May 2006.
From a total of 11,803 subjects who were identified by the
above algorithm, the analysis data set included 8,812 non-
Hispanic white and non-Hispanic black veterans with type
2 diabetes. Veterans with unknown race/ethnicity were
excluded. The study was approved by our institutional
review board (Medical University of South Carolina)
and the local Veterans Affairs research and development
committee.

Outcome measures

For the first stage of analysis, the outcome variable was
HbA 1c concentration, measured in 3-month intervals from
the date of entry into the cohort until the date last seen, the
date of death, or the end of the study. For the second stage of
analysis, the main outcome variable was time to death from
all causes. Time to death was defined in 2 different ways.
First, calendar time was used, and time to death was defined
as time in quarters (3-month periods) between date of entry
into the cohort and time of exit from the cohort (date of
death, date last seen, or study end). Second, age was used
as the time scale and time to death was defined as number of
years from age at time of entry into the cohort to age at time
of exit (time of death, date last seen, or study end) as pre-
viously described (18).

Predictor variables

Three of the predictor variables in the Cox model were
outputs from the first-stage mixed model for longitudinal
HbA 1c. First, the baseline value of the trajectory of HbAlc
was defined as the intercept of the first-stage mixed model.
Second, the slope or rate of change of the HbAlc trajectory
was defined as the estimated value of the coefficient for time
in the mixed model. Third, the last value of HbAlc for each
subject was estimated by means of the mixed model to re-
flect the value of the HbA ¢ trajectory at the time of death or
censoring for that subject. For subjects who were alive at the
end of the study, their last HbAlc value at the time the study
ended was computed. We also considered mean HbAlc
level, baseline HbAlc level, and the last observed HbAlc
value for each patient as main covariables to make a com-
parison of the 2-stage approach, which accounts for the
overall HbAlc trajectory, with approaches that use a
cross-sectional summary of the observed HbAlc profile of
each patient.

Other risk factors (or covariates) included age, gender,
race/ethnicity, marital status, employment status, and co-
morbidity (stroke, hypertension, coronary heart disease, or
depression). On the basis of clinical relevance, age was
categorized into 4 groups (<50, 50-64, 65-74, or >75
years). These age groups were chosen to reflect the demo-
graphic characteristics of veterans who use the Veterans
Affairs health care system. Gender was treated as a cate-
gorical variable. Race/ethnicity was dichotomized as non-
Hispanic white or non-Hispanic black, after exclusion of



1092 Gebregziabher et al.

subjects with unknown race/ethnicity. Differences in patient
characteristics between subjects with and without race/
ethnicity information were not significant (see Web Table 1,
which is posted on the Journal’s Web site (http://aje.
oxfordjournals.org/)). Marital status was classified as never
married, married, or separated/widowed/divorced. Employ-
ment was classified as employed, not employed, or retired.
Comorbidity variables (stroke, coronary heart disease, hy-
pertension, and depression) were selected as those condi-
tions causing the highest rates of complications and the
majority of deaths among persons with type 2 diabetes (1)
and were defined on the basis of enhanced ICD-9 codes
using validated algorithms (19). Stroke was defined
as ICD-9 codes 430-438, coronary heart disease as ICD-9
codes 410—414, hypertension as ICD-9 codes 401405, and
depression as ICD-9 codes 296.2, 296.3, 296.5, 300.4,
309.4, and 311.

Statistical analysis

In preliminary analyses, we examined crude associations
between mortality (alive/dead) and all measured covariates
in our study population of patients with type 2 diabetes,
using chi-squared tests for categorical variables and ¢ tests
for continuous variables. We also studied the association
between mortality and 3 cross-sectional measures of
HbAlc—mean HbAlc level, baseline HbAlc level, and
the last observed HbAlc value—using Cox regression.

We used a 2-stage approach (20-24) to jointly model
a longitudinal time-varying covariate for HbAlc and time
to death. In the first stage, a longitudinal model for HbAlc is
assumed to follow a parametric linear mixed model, where
both covariate effects and subject-specific random effects
are modeled parametrically. In the second stage, a Cox
model for time to death is assumed. The mixed model for
the longitudinal process and the Cox model for the survival
process are associated through common covariates in both
models and the stochastic dependence between the random-
effects terms in both models. This novel 2-stage regression
calibration approach has been shown to lead to less biased
and more efficient inferences when an association between
the 2 processes exists (20-24). Inference on the parameter
estimates of the Cox model is based on the robust sandwich
variance estimator (21, 25-27).

Stage 1. Suppose that i = 1, .. ., n subjects are followed
over an interval of time [0, t]. For each subject, we observe
HbAlc level every 3 months (j =1, ..., s;;) from entry into
the study until death or the last day seen and a censored
survival time #;. Covariates are denoted by X. The mixed-
effects model for HbAlc values is

HbAlc; = (By + boi) + (By +b1,-)slj + B,Race;
+ B3Race,» X Sij —+ B4X —+ e,-j,

where the random intercept (bo;) and random slope (b;) are
independent and assumed to be normally distributed with
mean 0 and a 2 X 2 covariance matrix X. The B’s are
parameters for the fixed effects of the covariates. This spec-
ification allows different subjects to have different baseline

HbA 1c values and different time trends for HbAlc over the
follow-up period.

Stage 2. The Cox proportional hazards model includes
the estimated baseline value (U,), the current value (Us;),
and the rate of change (U;) of the underlying individual
trajectories of HbAlc from the estimated mixed model
(stage 1) as covariates, with further adjustment for
baseline variables. The Cox model for time to death is
specified as

Ai(1) = ho(2) exp(voUoi + v1Uri + v,U2 + v3Race;
+v4(Uy; X Race;) +v5X),
where
Uoi = boi + By, Ui = b1 + By, Usi = Ui + Uyt

Inference on (yo—Yys) will be of primary interest, since the
main focus is to study the association between mortality and
HbA1c over time and whether this relation differs by race/
ethnicity. In this joint model, the parameters (yo—7y,) mea-
sure the association between the 2 models induced by the
random intercepts, slopes, and fitted value of HbAlc at the
time of death of each subject. In other words, the parameters
are used to indicate the level and direction of association
between initial level, slope, and fitted current values of
HbA1c with the hazard of death. For example, the coeffi-
cient of the slope (y1) is the log-hazard ratio for a unit in-
crease in the rate of change of HbAlc over 3 months’ time.
For all covariates, including the random terms Uy—U,;, we
used likelihood ratio tests to evaluate whether to include
interaction or quadratic terms. Model adequacy was as-
sessed via the Akaike and Bayesian information criteria
(25, 28).

For the Cox model, the appropriateness of the assumption
of proportionality was determined by examining
log{—log(time)} plots and by testing the coefficients of
the interactions of time with the respective covariate in mul-
tivariate analyses. Initially, we created 3 models to calculate
hazard ratios for mortality risk, all adjusted for age and then
sequentially for a specific set of covariates, termed sequen-
tially built Cox models. In the first model, results were
adjusted for age only; in the second model, results were
adjusted for age and the set of demographic variables; and
in the third model, results were adjusted for age and the set
of comorbid conditions. In the final Cox model, results were
adjusted for all covariates (age, demographic factors, and
comorbid conditions). The Kaplan-Meier method was used
to plot the survival function. Residual analysis was used to
assess the goodness of fit of the models from each stage (26).
All data analyses were conducted using SAS, version 9.1.3
(SAS Institute Inc., Cary, North Carolina).

There are alternative approaches with which to jointly
model time-to-event and survival data (20-24, 28). The
2-stage semiparametric regression calibration method
(20) provides 2 variations of the regression calibration
method: the risk set regression calibration and a computa-
tionally simpler ordinary regression calibration. Simula-
tion results showed that the 2-stage regression calibration
approach performs well in practice and effectively corrects
the bias from the naive method (20). We used the 2-stage
regression calibration approach and implemented it on the
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basis of prior research (20, 21, 23) and standard knowledge
of time-to-event analysis (26). The issue of how to estimate
the variance of the “plug-in”’ random effects needs careful
consideration. While the sandwich estimator does not
guarantee the best unbiased estimate of the variance, it
provides a more reliable estimate of the variance than stan-
dard likelihood variance estimates. In fact, Ye et al. (20)
mentioned that to make inferences for the risk coefficient
estimators, the standard errors calculated on the basis of
the induced partial likelihood, as if all of the true covariate
values were known, do not take into account the uncer-
tainty of these estimated time-varying covariates. There-
fore, the estimated standard errors for the risk coefficients
are likely to be biased and tend to be smaller than the true
variance of these risk coefficient estimates. Other alterna-
tives are to use a bootstrap estimate of variance, suggested
by Li et al. (21), and the Cox-frailty model (26), with the
random slope and intercept estimates treated as frailties in
the Cox model. We are not aware of any head-to-head
comparisons that have been made, so we decided to use
the methods described above.

RESULTS

Our cohort comprised 8,812 veterans with type 2 diabetes
who were followed over a 9-year period (from April 1997 to
May 2006). Table 1 shows the demographic and clinical
characteristics of the study cohort by censoring status (alive
or dead) in May 2006. A total of 1,348 veterans in the cohort
died during this period. The overall mortality rate was
15.3%, with a statistically significant difference by race/
ethnicity: Approximately 16% of non-Hispanic whites and
14% of non-Hispanic blacks died. The mean length of fol-
low-up for the cohort was 4.5 years. Non-Hispanic whites
comprised 64% of the sample; 97% were male. At baseline,
the distribution of comorbid conditions among veterans
showed that 31% had hypertension, 17% had coronary heart
disease, 7% had preexisting depression, and 4% had suf-
fered a stroke. Web Figures 1-3 provide additional relevant
information, including the distribution of HbAlc measure-
ments by quarter (Web Figure 1), the frequency of HbAlc
measurements over time (Web Figure 2), and the distribu-
tion of censoring times (Web Figure 3).

Several factors assessed at baseline, such as age (P <
0.001), race/ethnicity (P = 0.03), gender (P = 0.002), mar-
ital status (P = 0.06), and employment status (P < 0.001),
were independently associated with mortality. Hyperten-
sion, coronary heart disease, stroke, and depression also
had statistically significant associations with mortality (all
P’s < 0.05); therefore, each of these covariates was included
in modeling analyses.

As expected, subjects with poor baseline glycemic con-
trol (HbAlc > 7.0%) had significantly lower survival rates
than those with good baseline control (HbAlc < 7.0%) after
approximately 5 years (Figure 1). Table 2 provides hazard
ratio estimates for the association between all-cause mortal-
ity and 3 measures of glycemia (the mean, baseline, and last
observed value of the HbAlc profile of each patient), ad-
justed for other potential risk factors. The hazard ratios for
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mean HbAlc, baseline HbAlc, and the last observed value
of the HbAlc profile were 1.06 (95% confidence interval
(CD: 1.02, 1.11), 1.07 (95% CI: 1.04, 1.15) and 0.99 (95%
CI: 0.95, 1.04), respectively.

The set of Cox models that were sequentially built to
estimate the adjusted association between mortality and
baseline HbAlc, the slope of HbAlc, and the last HbAlc
value is available on the Journal’s Web site (see Web Table
2 and Web Table 3). The first model (model 1) included
adjustment for age at entry and last observed HbAlc value
only. The hazard ratio for slope in HbAlc was 6.7 (95% CI:
0.8, 54.9), while the hazard ratio for baseline HbAlc was
2.2 (95% CI: 1.3, 3.7). When gender, race/ethnicity, marital
status, and employment status were added (model 2), the
hazard ratio for a 0.1-unit change in the slope of HbAlc
increased to 8.2 (95% CI: 1.0, 67.8), while the hazard ratio
for baseline HbAlc remained the same. Adjusting model 1
results for coronary heart disease and hypertension de-
creased the hazard ratio for slope to 5.9 (95% CI: 0.8,
45.6) and minimally changed the hazard ratio for baseline
HbAlc to 2.1 (95% CI: 1.2, 3.5). The 95% confidence in-
terval for slope indicated that the hazard ratio for a unit
increase in the rate of change in HbAlc was expected to
lie between 0.8 and 45.6. Neither stroke nor depression ex-
hibited a significant confounding effect. Even though we
used a robust sandwich variance estimator for the hazard
ratio estimates from the Cox model to adjust for the vari-
ability in the random terms obtained from the longitudinal
model (baseline, slope, and last HbAlc value), our hazard
ratio estimates featured relatively wide confidence intervals,
consistent with observations in other studies (23, 24). How-
ever, these intervals were narrower than what we observed
from the naive partial likelihood estimates.

The final, fully adjusted model included adjustment for
both the baseline and last levels of HbAlc, as well as co-
variates that were statistically significant in earlier models
(see Table 3). Results showed that the slope of HbAlc was
marginally significantly associated with mortality (hazard
ratio = 7.3, 95% CI: 0.9, 57.1). In this model, a 0.1-unit
increase in the slope of HbAlc or a 1% increase in HbAlc
over 3 months was associated with a 22% increase in risk of
mortality, and a 0.5-unit increase in the slope or a 5% in-
crease in HbAlc over 3 months was associated with a hazard
ratio of 2.7. Similarly, holding the slope and last value
of HbAlc constant, our data suggested that the baseline
level of HbAlc was significantly associated with mortality
(hazard ratio = 2.1, 95% CI: 1.3, 3.6). Examining the last
HbA 1c value in a similar manner did not show a significant
association with mortality.

Increased mortality risk in veterans with type 2 diabetes
was associated with multiple demographic factors. Persons
aged 75 years or older were approximately 4 times more
likely to die than those who were younger than age
50 years. Interestingly, our data suggested that the hazard
ratio for non-Hispanic blacks was 0.87, indicating that the
risk of mortality in non-Hispanic blacks was 13% lower
than that in non-Hispanic whites. Subjects who had coro-
nary heart disease and/or hypertension at baseline had an
approximately 25%—30% increased risk of mortality. Com-
pared with those who had never married, both married
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Table 1. Characteristics of Veterans With Type 2 Diabetes (n = 8,812) by Vital Status as of May 31, 2006,

Charleston, South Carolina, April 1997—May 2006

Living Deceased
P Value
No. Row % Mean (SD) No. Row % Mean (SD)
Sample size 7,464 84.7 1,348 15.3 <0.01
Age at study entry, 60.5 (11.2) 66.8 (10.3) <0.01
years
Age group, years <0.01
<50 1,270 92.6 101 7.4
50-64 3,265 89.5 384 10.5
65-74 2,090 80.3 512 19.7
>75 839 70.5 351 29.5
Gender <0.01
Female 209 93.7 14 6.3
Male 7,255 84.5 1,334 15.5
Race/ethnicity 0.03
Non-Hispanic black 2,700 85.8 446 14.2
Non-Hispanic white 4,764 84.1 902 15.9
Baseline hemoglobin 7.24 (1.89) 7.40 (1.82) <0.01
A1c concentration, %
Average glycemic control <0.01
Good 4,903 85.7 821 14.3
Poor 2,561 82.9 527 171
Marital status 0.06
Never married 476 84.7 86 15.3
Married 4,865 85.3 836 14.7
Separated/divorced/ 2,123 83.3 426 16.7
widowed
Employment status <0.01
Active military or 1,720 95.5 81 4.5
employed
Not employed 3,515 80.6 846 19.4
Retired 2,229 84.1 421 15.9
Hypertension <0.01
Yes 2,127 78.5 584 215
No 5,337 87.5 764 12.5
Coronary heart disease <0.01
Yes 1,150 75.9 365 241
No 6,314 86.5 983 135
Depression 0.04
Yes 515 80.7 123 19.3
No 6,949 85.0 1,225 15.0
Stroke <0.01
Yes 262 76.4 81 23.6
No 7,202 85.0 1,267 15.0

Abbreviation: SD, standard deviation.

and divorced subjects had at least a 25% lower risk of
mortality. Persons who were unemployed or retired had
at least twice the risk of mortality as those currently em-
ployed (active military duty, fully employed, or partially
employed).

DISCUSSION

This study revealed an important relation between a pos-
itive trajectory of glycemia and risk of mortality in a large
sample of persons with diabetes using a novel approach of
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Figure 1. Kaplan-Meier survival curves for veterans with type 2 di-
abetes (n = 8,812) by baseline hemoglobin A1c (HbA1c) concentra-
tion, Charleston, South Carolina, April 1997—May 2006.

joint modeling of longitudinal measurements of HbAlc
and mortality data. Our findings demonstrated that every
0.1-unit increase in the slope of HbAlc was associated with
a22% increased risk of mortality and that a 0.5-unit increase
in the slope of HbAlc nearly tripled mortality risk. After
adjustment for the last observed value and slope of HbAlc,
baseline HbAlc level was also significantly associated with
mortality. In contrast, we found that using simple ap-
proaches that do not account for the trajectory of HbAlc
(see Table 2) could lead to underestimation of the associa-
tion between mortality and HbAlc. As expected, older age
and having coronary heart disease or hypertension as a co-
morbid condition were significant predictors of greater all-
cause mortality. However, being of non-Hispanic black race/
ethnicity, being married, and being employed were associ-
ated with lower risk of dying.

This study demonstrated 2 important associations: first,
the relation between glycemia and mortality and, second,
the impact of a true trajectory of glycemia (over multiple
time points) on mortality. The analytic ability to examine
the slope of glycemia revealed that a small increase in
HbAlc (0.1 unit) is associated with higher mortality risk
(22%) and that a larger HbAlc increase (0.5 unit) is asso-
ciated with an exponential increase in mortality risk. This
suggests a dose-response effect, with increasing hypergly-
cemia conferring higher risks of mortality, even after adjust-
ment for age, gender, race/ethnicity, socioeconomic status,
and multiple cardiovascular disease risk factors (coronary
heart disease, depression, hypertension, and stroke). This
analysis concurs with many prospective and cross-sectional
studies in finding that hyperglycemia is linked to an in-
creased risk of death (2-10). However, in those studies,
glycemia was generally based on 1 measurement (either
baseline or average) without accounting for multiple
measurements.

Earlier randomized clinical trials and prospective cohort
studies, such as the United Kingdom Prospective Diabetes
Study and EPIC-Norfolk, demonstrated that intensive gly-
cemic control (HbAlc < 7.0%) leads to reductions in
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Table 2. Hazard Ratios From 3 Different Cox Models for the
Association Between Mortality and Mean, Baseline, and Last
Observed Hemoglobin Ai1c Value Among Veterans With Type 2
Diabetes (n = 8,812), Charleston, South Carolina, April 1997-May
2006

Hazard 95%

Parameter Ratio® Confidence P Value

Interval
Mean HbA1c level over time 1.06 1.02, 1.11 0.007
Baseline HbA1c level 1.07 1.04,1.15 0.001

Last observed HgbA1c value 0.99
Age group, years (referent:
<50)

0.95, 1.02 0.455

50-64 1.43 1.15,1.79 0.0014
65-74 2.49 1.99,3.11  <0.0001
>75 4.37 3.46,5.52 <0.0001
Non-Hispanic black race/ 0.86 0.77, 0.97 0.0112
ethnicity (referent: non-
Hispanic white)
Female gender (referent: 0.53 0.31, 0.88 0.0148
male)
Marital status (referent: never
married)
Married 0.70 0.56, 0.88 0.0020
Separated/divorced/ 0.74 0.59, 0.94 0.0143
widowed
Employment status (referent:
employed)
Not employed 2.68 2.12,3.39 <0.0001
Retired 1.96 1.52,2.52 <0.0001
Coronary heart disease 1.22 1.04, 1.42 0.0135

(referent: none)

Hypertension (referent: none) 1.31 1.14,1.51 0.0001

Abbreviation: HbA1c, hemoglobin A1c.
@ Results were adjusted for all covariates.

mortality rates among adults with type 2 diabetes (8-10).
However, data from newer randomized clinical trials have
yielded conflicting results. The ACCORD (Action to Con-
trol Cardiovascular Risk in Diabetes) trial showed that tar-
geting an HbAlc level less than 6.0% increases the risk of
mortality (19); investigators in the ADVANCE (Action in
Diabetes and Vascular Disease: Preterax and Diamicron
Modified Release Controlled Evaluation) trial found no sig-
nificant association between intensive glycemic control
(mean HbAlc = 6.5%) and increased mortality (29, 30);
and results from the Veterans Affairs Diabetes Trial demon-
strated that intensive glucose control (mean HbAlc = 6.9%)
in patients with poorly controlled type 2 diabetes had no
significant effect on rates of major cardiovascular disease
events or death (31). These recent randomized clinical trials
suggest that very stringent glycemic control (HbAlc <
6.0%) may not be ideal for patients with type 2 diabetes.
Our study adds clarity to the current debate and shows that
an overall increasing trajectory of glycemia in adults with
diabetes is associated with an increasing risk of death from
all causes. It is relevant to examine all-cause and cardiovas-
cular mortality among persons with type 2 diabetes, because
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Table 3. Hazard Ratios From a Fully Adjusted Cox Model for
Mortality Among Veterans With Type 2 Diabetes (n = 8,812),
Charleston, South Carolina, April 1997—May 2006

95%

Parameter :Zztfgf Confidence P Value
Interval
Slope of HbA1c level® 7.28 0.93,57.10  0.06
Baseline HbA1c level 2.14 1.27, 3.60 <0.01
Last observed HgbA1c value 0.55 0.26, 1.20 0.13
Last observed HbA1c value 1.00 0.97,1.03 0.83
squared
Age group, years (referent:
<50)
50-64 1.39  1.11,1.73 <0.01
65-74 237 1.89,2.96 <0.01
>75 410 3.25,5.18 <0.01
Non-Hispanic black race/ 0.87 0.78,0.98 0.02

ethnicity (referent: non-
Hispanic white)
Female gender (referent: male) 0.53 0.31,0.88 0.01

Marital status (referent: never
married)

Married 0.69
Separated/divorced/widowed 0.74

0.55, 0.86 <0.01
0.58, 0.93 0.01
Employment status (referent:

employed)
Not employed 2,67 2.11,3.38 <0.01
Retired 195 151,250 <0.01
Coronary heart disease 124 1.06,1.45 0.01

(referent: none)

Hypertension (referent: none) 1.30 1.13,1.50 <0.01

Abbreviation: HbA1c, hemoglobin Alc.

@ Results were adjusted for all covariates.

® Slope of HbA1c concentration over time from a linear mixed
model.

data show that diabetes is a leading cause of mortality in the
United States, with a majority of diabetes-related deaths
being attributed to cardiovascular disease (1). However, di-
abetes is probably underreported on death certificates (1), so
it becomes highly important to examine all causes of death
among persons diagnosed with type 2 diabetes. Further anal-
yses that examined a decreasing glycemic trajectory and
a steady trend of good or poor control would provide greater
clarification regarding the potential mortality benefit of
diabetes control.

The findings of this study were obtained in a very large
sample of adults with diabetes. The study was longitudinal
in nature, with 9 years of follow-up data and multiple mea-
sures of HbAlc from each participant, allowing examina-
tion of glycemic trajectory. In addition, a newly established
analytic method that improves the validity of results was
used to track glycosylated hemoglobin in 3-month intervals,
providing more accurate, long-term data on glycemic con-
trol and its impact on mortality. Very few researchers have
examined longitudinal data on such a large scale using
multiple HbAlc measurements, especially in the veteran
population.

Despite these strengths, our study had several limitations.
First, the study was most representative of veterans who are
predominantly male and older and have more comorbid
conditions than the general population. Second, target organ
damage (e.g., nephropathy with reduced glomerular filtra-
tion) can significantly contribute to diabetes-related death
(32) but was not accounted for in this study. Third, infor-
mation about blood pressure and lipid control, other poten-
tial confounders (e.g., indices of body composition,
smoking, and physical activity), duration of diabetes, and
medication adherence (33) was not available in our data sets
for the study period and hence was not included. Prior co-
hort studies have shown that 10% increments in medication
adherence lead to improvements in HbAlc in the range of
0.10%—0.16% (34—36). Studies have also shown that gly-
cemic control worsens over time even with treatment inten-
sification (37, 38). Therefore, the effects of these potential
confounders need to be further examined in future studies.
Finally, our findings could have been biased by the signifi-
cant proportion of veterans with missing data on race/
ethnicity. While we believe that the unreported race/
ethnicity information was missing at random, we also con-
ducted a sensitivity analysis to see whether the missingness
depended on demographic and clinical characteristics of the
persons with missing race/ethnicity data. When we com-
pared demographic and clinical characteristics of persons
in our sample with the characteristics of persons with un-
known race/ethnicity information, there were no significant
differences by age, gender, insulin use at baseline, or mean
HbAlc concentration. However, there were significant dif-
ferences by marital status and comorbidity. Nonetheless, we
believe that our estimates are unbiased, because we used
generalized mixed modeling, which provides unbiased and
efficient effect estimates when the missingness mechanism
is missing at random (15-17).

In summary, using a novel approach of joint modeling of
longitudinal measurements of HbAlc and mortality data, we
showed in this study that a positive trajectory of long-term
hyperglycemia is associated with increased mortality. In
future research, investigators should adopt the method of
evaluating how glycemic trends, created from multiple
HbA 1¢ measurements, influence diabetes-related outcomes.
This would provide more clinically relevant information
about glycemic control that would enable providers to
explain the correlated risk or benefit to patients and would
provide greater understanding regarding the importance of
diligent monitoring and control of diabetes.
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